This paper proposes an algorithm called multi-objective optimization using differential evolution (MOODE) for providing the optimal mathematical model of flexible beam system. The main reason of developing a flexible beam system is to find an appropriate controller to control the vibration produced by this system. This dynamic system is treated as a black box where the acquired input-output data is used in the modeling processes. Two objective functions are considered for optimization; minimizing the number of term of a model structure and minimizing the mean square error between actual and predicted outputs. Nonlinear auto-regressive with exogenous input (NARX) model is used to represent the mathematical model of the investigated system. To obtain an optimal model for representing the dynamic behavior of flexible beam system, the model validity tests have been applied.
Introduction
Dynamic systems are treated as a black box which based on measured input-output data; the developing mathematical models can be accomplished via system identification techniques. System identification is the science and art of developing mathematical models of dynamic systems from measured input-output data. One of the main problems in system identification is to represent a dynamic system with an adequate and parsimonious model [1] . An ultimate objective in modeling a dynamic system is to produce a compact model structure with only significant terms included in the final model. Differential evolution (DE) is one of EA was first published as a technical report by Storn and Price [2] . They developed DE with simple algorithm and easy to use but reliable and versatile function optimizer. In this study, the proposed algorithm is named Multi-Objective Optimization using Differential Evolution (MOODE). This proposed algorithm is applied in system identification for model structure selection, whereas two objective functions are considered: model predictive error and model complexity.
The main reason of developing a flexible beam system is to find an appropriate controller to control the vibration produced by this system. Vibration of the system can be defined as mechanical mechanism moved intentionally or unintentionally [3] . Recently, many attempts have been proposed to reduce this unwanted disturbance by considering various methods of vibration control techniques [4, 5] . To control the vibration of the system, adequate mathematical model of the dynamic behavior of the system must be developed. This study presents the application of proposed MOODE algorithm in identifying an adequate model of the flexible beam system. The identified models by MOODE are validated using model validity tests determine the final adequate and parsimonious model that represent the system.
System Identification Procedures

NARX Model Representation.
Representing a dynamic nonlinear system from acquired input output data needs to define the type of model representation. Chen and Billings [6] presented a Non-linear AutoRegressive Moving Average with eXogeneous inputs (NARMAX) model which provides a wide class of a nonlinear model representation with the special case as a NARX model. The NARX model can be defined as y t = F C, y t − 1 , … , y t − n , u t − 1 , … , u t − n + e t (1) where F . is a polynomial non-linear function with l degree of nonlinearity.
Model Structure Selection using MOODE. The MOODE algorithm is the integration of DE into NSGA-II procedure but without the DE selection process. The pseudocode of model structure determination that is formulated by using MOODE is shown in Fig. 1 . Correlation tests can be applied to both linear and nonlinear systems. The following equations show the correlation functions [7] used in this study:
where ∅, ε t , u t , and δ t represent the standard correlation function, the residual sequence, the input of system, and the delta function or impulse function, respectively, and E[.] is the expectation operator. An identified model is adequate if all five correlation functions as shown in Eq. 2 are satisfied. These functions can be analyzed visually by plotting on a graph paper with the confidence bands. The confidence bands plotted on the graphs reveal if the identified model is adequate or not. The confidence bands are estimated as 95% confidence limits that are approximately ±1.96/√N where N is the data length.
Implementation and Results
A flat flexible beam was attached to a rig for experimental purpose. In this study, the experimental setup and acquire input-output data from this experiment designed by Saad et al. [8] has been used for modeling purposes. The illustration of the input-output of the flexible beam system is shown in Fig. 2 . There are total of 750 data samples collected from the experiment. It will be separated to two sets: first set of data consists of the first 350 points data that is used for estimation purpose and second set of data is used for the test set which consists of 400 points data as shown in Fig. 2 . These data were collected by Saad et al. [8] . Fig. 3 shows the Pareto-optimal front of final generation for identified models and details of selected model. Four out of sixteen models are selected and marked as A1, A2, A3, and A4. These models are chosen based on their complexity where A1 has higher model complexity among the selected models with 13 terms. The other selected models are below 10 terms with A3 and A4 which are 8 and 4 terms respectively. The detail of these models is shown in Fig. 3 (b) . However, before using the selected model, it will be validated using model validity test as shown in the next subsection. Model Validation. The illustrations of plotting correlation tests for the identified models are shown in Fig. 4 . As can be seen in Fig. 4 , each correlation tests of each model is not available for two correlation function: ∅ and ∅ functions. A reason for this situation is both correlation functions as described in Eq. 2 using mean of input values to calculate those functions. The values of input for flexible beam system are 4 and -4 only, whereas the mean of these values is zero. According to Billings and Voon [7] , if the input + , = 0, ≠ 0 is applied to a system, the system cannot be linear if the inequality occurs between the mean levels of the system output for the inputs and + . Since the input data from the available data, the mean values of input data are counted and used for model validation. Model A4 shows that both tests the auto-correlation test, ∅ and cross-correlation test, ∅ are not satisfied. This indicates that model A4 has correct noise model but the process model is biased [7] . Meanwhile, models A1, A2, and A3 show the correlation tests of those models are well inside of the 95% confidence band for each correlation function. From these results, model A3 is chosen to represent flexible beam system. Model A3 is given by 
Conclusion
The input-output data obtained from the flexible beam system is considered in modeling the dynamic behavior of this system. Four possible models have been selected from the non-dominated models of the final generation of MOODE algorithm. These models were being through the Applied Mechanics and Materials Vol. 695 correlation tests to check the fittest of each model. The results show model A3 is most fitted model with its compact model structure and good in model predictive error. The results presented in this study show that the proposed algorithm can be applied as an alternative algorithm to model the dynamic behavior of any process systems. 
